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FACTORS GOVERNING THE COMBUSTION OF COAL IN 
BOILER FURNACES; A PRELIMINARY REPORT. 


By J. K. CLement, J.C. W. Frazer, and C. E. AuGustIne. 


INTRODUCTION. 


As a part of its investigation of the fuels belonging to or for the use 
of the United States and of methods of utilizing these fuels with 
greater efficiency, the Bureau of Mines has undertaken an investiga- 
tion of the fundamental principles underlying the combustion of coal 
in boiler furnaces. A knowledge of these principles is requisite in 
order that furnaces may be properly designed and _ intelligently 
operated. The efficient use of coal is dependent on proper furnace 
design as well as on proper firing and control of the furnace. Many 
furnaces are built without regard to the special characteristics of the 
fuel to be used, with the result that for years fuel has been burned 
in an inefficient and wasteful manner, and so as to aggravate the 
smoke nuisance. 

In the design of boiler furnaces the requirements of efficient com- 
bustion have been made secondary to many less important factors, 
largely because of a lack of definite information about the processes of 
combustion. 

The combustion of coal may be considered as taking place in two 
stages: (1) Distillation of volatile matter and partial combustion on 
the grate, and (2) combustion in the combustion chamber of the 
gases rising from the grate. In order that the second stage of the 
process may be complete, it is essential that the combustible products 
given off from the fuel bed remain long enough in the combustion 
chamber to be entirely burned before they become chilled by contact 
with the relatively cold boiler surface. If the combustion space is 
too small the gases will pass out of it only partly burned, and a loss 
in heat and a lowering of efficiency will result. 

It is believed that one result of a series of tests conducted by the 
Bureau of Mines, the beginning of which is here recorded, will be to 
make possible the more rational design of furnaces of many kinds, 
whatever the fuel burned, and thus to increase efficiency in the utili- 


zation of fuel. 
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6 COMBUSTION OF COAL IN BOILER FURNACES. 
OBJECT OF INVESTIGATION. 


Combustion is influenced by many factors, the most important 
of which are the following: The volume and shape of the combustion 
chamber; the kind of fuel used, especially the amount and character 
of the volatile matter and rate of firing; the rate of heating the 
fuel; the air supply; the rate at which air is mixed with the com- 
bustible gases in the furnace; and the temperature of the combustion 
chamber. The object of this investigation, outlined below, is to 
determine the conditions requisite for the complete combustion of 
the various types of coal in the United States. 


SCOPE OF INVESTIGATION. 


In general, the investigation includes a series of tests with each 
of five or six typical coals of the United States, each coal representing 
in chemical composition, especially as regards the amount and 
character of its volatile matter, the coal of a particular region. 

The equipment designed for the tests comprises a furnace having 
between the fire box and the boiler a long combustion chamber of 
rectangular cross section. The furnace is provided with a mechan- 
ical stoker. In this furnace two factors can be varied at will, namely, 
the rate of firing and the air supply. The rate of heating of the 
coal and the rate of mixing of air with furnace gases are fixed by 
the design of the automatic stoker used. 

After tests in the furnace used in the first part of the investigation 
have been completed, modifications in the furnace equipment will 
be made so as to permit variations in the rate of heating of the coal, 
in the manner of introducing air into the furnace, and in the form 
of the combustion chamber. Further tests will then be made to 
determine the influence of these factors on combustion. 

This report embodies the results of a series of 23 tests with Poca- 
hontas coal. In these tests the rate of firing was varied from 20 to 65 
pounds of coal per square foot of grate area per hour, and the 
air supply was varied from 12 to 30 pounds of air per pound of com- 
bustible. 

HISTORY OF THE INVESTIGATIONS. 


The fuel-testing investigations now being conducted by the Bureau 
of Mines were, previous to the organization of the bureau in 1910, 
under the supervision of the United States Geological Survey. The 
investigations have included numerous tests with the various kinds 
of coal in the United States. One of the objects of these tests 
has been to determine the relative value of the kinds of coal for steam- 
ing purposes. The tests have been conducted with furnace equipment 
mainly of the hand-fired, plain-grate type, effort having been made 
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always to regulate the furnace so as to burn each coal under the most 
favorable conditions. With the equipment available it has been 
impracticable to separate the data regarding the performance of the 
furnace from the data regarding the performance of the boiler. 

From a study of the steaming tests made at the Government fuel- 
testing plant at St. Louis, Mo., in 1904-6, W. T. Ray and Henry 
Kreisinger, mechanical engineers in charge of the tests, concluded 
that an investigation of the fundamental principles underlying the 
combustion of coal in furnaces in general was greatly to be desired. 
With this end in view, the engineers mentioned proposed to construct 
a furnace having between the fire box and the boiler an unusually 
long combustion chamber in which the progress of the processes of 
combustion could be followed by determining the composition of the 
gases at various points in the furnace. Their recommendations were 
presented in the report of Prof. L. P. Breckenridge, chief of the steam- 
engineering division of the United States Geological Survey, to the 
national advisory board @ at its meeting of April 10 and 11, 1906. 

The plan received the approval of the advisory board, and upon 
the establishment of the Pittsburgh experiment station in the latter 
part of 1908 opportunity was given to carry out the investigation. 
The special furnace with the long combustion chamber was con- 
structed in accordance with the plans of Messrs. Ray and Kreisinger, 
and, with the cooperation of J. C. W. Frazer and J. K. Clement, 
then with the survey but later connected with the Bureau of Mines, 
preliminary tests under their direction were begun in January, 1909. 
Mr. Ray later became engaged in other work, and the investigation 
was continued under the direction of a committee composed of 
Henry Kreisinger, mechanical engineer, chairman; J. C. W. Frazer, 
chemist; and J. K. Clement, physicist, until the summer of 1910. 
The experiments made in 1909 and the first half of 1910 were for 
the purpose of determining the number and character of observa- 
tions and gas samples required to follow the processes of combustion 
in the experimental furnace. The method of procedure followed 
in the subsequent tests has been based on the results obtained in the 
preliminary experiments. 

In October, 1910, Mr. Kreisinger left the service of the bureau. 
The series of tests with Pocahontas coal was then conducted by the 
authors of this report, Mr. Clement being chairman of the committee 
and C. E. Augustine being in immediate charge of the furnace and 
apparatus. The following employees of the bureau assisted in the 
tests: A. E. Hall and L. L. Satler, junior chemists; W. L. Egy, 
assistant physicist; and E, T. Gregg, physical laboratory aid. 


oD) 


2 Appointed in 1906 to advise the United States Geological Survey concerning fuels and structural 
materials. ; 
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8 COMBUSTION OF COAL IN BOILER FURNACES. 


EQUIPMENT AND CHARACTER OF TESTS. 
DESCRIPTION OF FURNACE. 


The unusually long combustion chamber of the furnace is about 
43 feet in length over all. At one end is a Murphy mechanical 
stoker having a projected horizontal grate area of 25 square feet, as 
shown in figures 1 to 4. 

The combustion chamber is tunnel like, being 3 feet wide, 2 feet 8 
inches high, and 36 feet long, with double walls and an arched roof. 
The inner walls and the inner arch are 9 inches thick and are of the 
best quality of fire brick. The outer walls, 8 inches thick, are of 
common and pressed brick. In the sides a 2-inch air space separates 
the two walls; in the roof a 1-inch layer of magnesia blocks separates 
the two arches. Air leakage through the walls and roof is minimized 
by adjusting the speed of the pressure and exhaust fans so as to keep 
the pressure of the gases inside the combustion chamber slightly 
below that of the atmosphere. This method allowed observation 
through peep holes without trouble from jets of hot gases passing out. 
In the roof and at one side of the combustion chamber, at intervals 
of 5 feet, are holes for observing the temperature in the chamber and 
for inserting water-cooled gas samplers. 

The exhaust fan is of sufficient capacity to maintain a 14-inch 
draft (water) at the stack uptake from the boiler. The capacity of 
the pressure fan is sufficient to maintain about 1-inch pressure 
(water) in the ash pit. 

The coal is delivered from bins to a platform built in front of and 
over the stoker, where it is weighed before being supplied to the 
stoker magazines. 


METHOD OF OPERATION, 


In the intervals between the tests herein reported, the furnace was 
operated continuously for the generation of steam in the power plant. 
Before each test all clinkers were removed from the fuel bed, and ash 
and refuse were removed from the ash pit. The test coal was then 
supphed to the magazines and fired at the rate determined for the 
test. The thickness of the fuel bed and the air supply were main- 
tained as uniform as possible throughout the period of the test. 

As a means of controlling the air supply, gas samples from the exit 
end of the combustion chamber were taken at intervals of about four 
minutes. By means of the Orsat apparatus the samples were 
analyzed for carbon dioxide and occasionally for oxygen. 

Ellison differential draft gages were used for all draft observa- 
tions. At 20-minute intervals readings were taken at the exit end 
of the furnace, over the fire, and in the ash pit. 
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FIGuRE 1.—General view of furnace. 
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Figure 2.—View of combustion chamber, showing equipment for gas sampling. 


11 


EQUIPMENT AND CHARACTER OF TESTS. 


*JOQUIBYO UOT}SNQ W109 Jo UOVAe pus UR[G—"E AMAT 


"4 “4 : 
_————_<—<—<— 
sk SOLA Ne 2 2 CL EO 


PG TNs Vt | OVIIYPULYDLLLY TDI OB BOG B28 Oe ITLL LD Ds OOO UI III II 
t C4 


ylaq possorday " 


ei 
quou99 soqSOqSV T 


I, EE pp 
YU VRE Gs§ éMMM@a {BGI 
a 'Y' — jsotoq wopwasssqo 9 H 
wa 


wv Goc gle 


Digitize 


12 COMBUSTION OF COAL IN BOILER FURNACES. 


Before the general gas samples were taken the furnace was oper- 
ated at the assigned rate for about three hours in order to allow the 
temperature of the combustion chamber to reach a condition of 
equilibrium. The water-cooled gas samplers were then introduced 
into the combustion chamber and 40 to 50 gas samples taken at 
various points in the furnace. The period of sampling was about 8 
minutes. The test was continued for about 30 minutes after the gas 

| samples had been obtained in order 
to show whether the furnace con- 
ditions were fluctuating. 


SAMPLING AND ANALYSIS OF FUR- 
NACE GASES. 


Great difficulties were encoun- 
tered in properly sampling the gases 
in thecombustion chamber because 
the composition of the gases at 
any instant varied throughout the 
furnace both laterally and longi- 
tudinally, and, further, because 

= the combustion on 
the grate was never 
under complete con- 

~ trol,so that the com- 
8 position of the gases 
3 at any point in the 
+ 


combustion cham- 
ber varied in re- 
sponse to the chang- 
ing conditions of the 
fire. It was neces- 
sary in this investi- 
gation to collect the 
— ——» samples of gas for 
analysis in such a 


3'0” x 2' 13 


| 
' 
! 
\ 
t 
' 
t 
———— 
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FIGURE 4.—Cross section of combustion chamber and of stoker. The 
chamber is connected to the setting of a 210-horsepower Heine boiler, W&Y that a correct 
the object being to cool the gases so that they can be handled by an jdeg could be had of 


sia the composition of 
the furnace gases under the varying conditions. To correct for the 
variations that occurred across any section within the combustion 
chamber at any given instant, the number of samples collected at the 
section was made large and the points of collection were so distrib- 
uted that the average of the analyses of the several samples at any 
section would give a fair average. To correct for the fluctuations 
that occurred as a result of the varying conditions of the fire, all the 
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EQUIPMENT AND CHARACTER OF TESTS. 13 


samples were collected over the same interval of time (about eight 
minutes) and in such a way that each sample would truly represent 
the average composition of the gases at the point from which it was 
drawn. The way in which this was accomplished is described below. 


MANNER OF COLLECTING SAMPLES, 


Gas samples were collected at eight cross sections of the combus- 
tion chamber, which have herein been designated A to H, A repre- 
senting a section about 1 foot from the grate, and the letters B to H 
representing sections at intervals of 5 feet along the combustion 
chamber. At each of these sections three holes were made vertically . 
through the arch of the chamber, one at the center of the arch and 
one on either side of and 1 foot from the central hole. The water- 
cooled tubes (fig. 5) through which gas was withdrawn for analy- 
sis were introduced through these holes in the arch. For convenience 
three sample tubes were mounted in one water jacket (fig. 5), the 
tubes extending to different depths in the furnace, so that three sam- 
ples might be taken, one above the other. In this way three samples 
could be taken from each hole, or nine samples could be taken in 
each cross section at points uniformly distributed. (See fig. 3.) 


APPARATUS FOR COLLECTING SAMPLES. 


The apparatus for the collection of the gas samples is shown in 
figure 6. The part designated A in the figure is a water-cooled 
copper tube, one-eighth of an inch in diameter, to which a }-inch 
lead tube is connected by a short rubber tube. The lead tube is made 
long enough to be brought over to a table situated as near the furnace 
as possible and is there connected by a second short rubber tube to 
the upper end of a brass tube, B, the lower end of which dips beneath 
the water in the wash bottle. The brass tube, B, is perforated at a 
convenient height, and at this point a second brass tube, C, is sol- 
dered on. By applying suction to the wash bottle a rapid stream of 
gas is drawn from the furnace, the bubbling of the gas through the 
water in the wash bottle indicating at all times the flow of gas through 
the system. The glass reservoir, E, for collecting and retaining the 
sample for analysis is connected through the side tube, C, by means 
of the capillary glass tube, D, which fits snugly in C and is passed in 
until its open end is in the stream of gas flowing through B. Before 
beginning the collection of a sample, the reservoir, E, is filled with 
mercury and suction is applied to the wash bottle until all air is 
removed from the system. Before connecting D and E the air in D 
is removed by suction, and, with the connections made as shown in 
the illustration, the stopcocks of E are opened and the mercury 
allowed to drain out, the gas collecting above the mercury in E. 
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14 COMBUSTION OF COAL IN BOILER FURNACES. 


As long as the surface of the mercury in E is above the lower end of 
the glass tube by which the gas gains entrance, the gas will enter 
E at a uniform rate and the sample will be representative. In 
order to regulate the period of sampling, a glass tube, drawn out at 


qs 
' 


Fiaure 5.—Water-cooled gas sampler. 


11 


| | 


one end, is attached to the glass tube beneath the lower stopcock of E. 
This short tube is made so that by trial it will permit the flow of mer- 
cury from E in the desired length of time. In this way all the samples 
collected throughout the whole combustion chamber are collected 
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EQUIPMENT AND CHARACTER OF TESTS. 15 


during an equal period simultaneously, cach sample representing the 
composition of the gas in the combustion chamber at the point from 
which it is withdrawn. For the sake of simplicity this description 
is made to cover the collection of a single sample. As stated above, 
it has been found convenient to place three tubes for gas collection in 
the same water jacket, the tubes opening at different distances along 
the jacket so that gas can be taken from three different levels. Figure 
5 shows the arrangement for such a combination. Each water-cooled 


—— >To aspirator 


Figure 6.—Arrangement of apparatus for sampling furnace gases, 


tube is connected to a separate system such as described above for a 
single sample. It has been found convenient to mount the glass 
vessels (EK, fig. 6) permanently in wooden stands in batteries of three 
each, so that the three samples taken from each water-cooled jacket 
are contained in the same stand. After the collection of the sam- 
ples the gas in each vessel is put under a pressure of about 100 
mm. by running additional mercury through the lower stopcock, 
without introducing air into the vessel. As the gas is under a pressure 
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16 COMBUSTION OF COAL IN BOILER FURNACES, 


greater than atmospheric and all communications to the exterior 
are sealed with mercury, there is no danger of leakage into or out of 
the vessel, and the analysis can be made when convenient. 


FIGURE 7.—Gas-analysis apparatus, 


METHOD OF ANALYZING SAMPLES. 


The gas samples collected as described above are analyzed by the 
method of Hempel, which embraces the use of water-jacketed burettes 
(fig. 7) filled with mercury and an inclosed mass of air for automatically 
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compensating for 
changes of temperature 
and pressure. The 
determination of hy- 
drogen and methane 
is made by the method 
of slow combustion, a 
burette of special con- 
struction, as shown in 
figue 8, being used. 
This burette is con- 
nected permanently to 
a system of stopcocks 
permitting connection 
with acombustion 
pipette, a caustic- 
potash pipette, and a 
pipette containing 
phosphorus or alkaline 
pyrogallate — solution. 
By means of the bu- 
rette, changes in vol- 
ume amounting to 0.02 
per cent can be meas- 
ured. Samples of 
gas from the two sec- 
tions of the combus- 
tion chamber nearest 
the firebox are ana- 
lyzed for unsaturated 
hydrocarbons by ab- 
sorption in fumic sul- 
phuric acid. 

In addition to the 
determination of the 
amount of unburned 
combustible gases ac- 
companying a sample, 
efforts were made to 
determine the amount 
of carbon and hydro- 
gen in the material 
that would be deposited 
from a known volume 
of the gas when sud- 
denly cooled. This 
material constitutes 
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the soot and tar that collect in the water-cooled tubes through which 
the gas is drawn from the combustion chamber, and probably tend 
to form smoke under ordinary conditions. Some of this material may 
be gaseous within the furnace, but condenses as soon as cooled to 
ordinary temperatures; much of it is probably carried bodily through 
the furnace by the rapidly moving gases. 

In the efforts that have been made to determine the amount of 
smoke-forming material in the gases of the furnace, a known volume 
of gas was drawn from the desired point within the furnace through 
an asbestos filter contained in a water-cooled quartz-glass tube. 
After the quartz tube and its contents had been removed from the 
water-cooled jacket and dried to constant weight in an air bath, 
the tube and contents were placed in a combustion furnace and the 
combustible matter in the quartz tube and on the asbestos filter 
were burned as in the combustion of an organic substance. By this 
means, for a given point within the combustion chamber, the amount 
of unburned carbon and hydrogen that accompany a known volume 
of the furnace gases may be determined. 


TEMPERATURE MEASUREMENTS, 


Observations of the temperature within the combustion chamber 
and of the temperature of the flue gases were made at 20-minute 
intervals in all the tests. The flue-gas temperature was measured 
with a Hoskins thermocouple and a Leeds & Northrup portable tele- 
scope galvanometer, proper correction being applied for the tempera- 
ture of the cold junction of the couple. Temperatures inside the 
combustion chamber were regularly measured through holes in the 
side wall at sections designated A and G in figure 3, a Wanner optical 
pyrometer being used. In addition to the regular observations of 
temperature at sections A and G, a number of sets of observations 
were made at sections A to G, inclusive. 


TEMPERATURE IN COMBUSTION CHAMBER. 


On account of the high temperatures in the combustion chamber 
in most of the tests, it was not practicable to measure the tempera- 
tures of the gases directly by means of thermocouples. The tem- 
perature indicated by the optical pyrometer is the temperature of 
the inner surface of the furnace wall. To determine the relation 
between the temperature of the wall as indicated by an optical 
pyrometer and the temperature indicated by a thermocouple sus- 
pended in the path of the furnace gases, a Hoskins thermocouple 
was introduced through the center of the arch at the section desig- 
nated G in figure 3, so that its hot junction was at the center of the 
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transverse section, and simultaneous observations were made with 
the Hoskins thermocouple and the Wanner pyrometer at the same 
section. The results are represented graphically in figure 9. 

It is evident from the curves that the temperature of the wall 
follows closely that of the gases. This relation was determined only 
for those readings that were taken when there was no smoke present 
and the gases were transparent. The gases entering the combustion 
chamber carry with them in suspension more or less soot and tar, the 
substances that, when not completely burned in the combustion cham- 
ber, constitute smoke. When present in appreciable quantities, these 
substances form an opaque cloud that obscures the view of the wall 
beyond, and as the individual particles are incandescent it is the cloud 
of smoke that is seen by the optical pyrometer and not the furnace 
wall. The temperature indicated by the pyrometer is, then, the aver- 


Wanner pyrometer 
----Hoskins thermocouple | |" | 


3 H EEEEEEEEE EEE 


5 a D 
HOURS FROM BEGINNING OF TEST 
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Ficure 9.—Temperatures in combustion chamber as measured by Hoskins’s thermocouple and Wanner’s 
pyrometer. 


age temperature of the particles composing the smoke. In this case, as 
the globules of tar or soot are hot from their own combustion and are 
heated by the surrounding gases, it is by no means certain that the 
temperature measured by the pyrometer is the average temperature 
of the gas and smoke passing through the combustion chamber. 


COAL USED IN THE TESTS. 


Two cars of semibituminous coal from the Norfolk mine, Poca- 
hontas No. 3 bed, at Vivian, W. Va., designated as Pittsburgh 115 
and Pittsburgh 148, were used in the tests. Pittsburgh 115 was 
used in tests 102 to 116 and Pittsburgh 148 in tests 117 to 125. 

Proximate and ultimate analyses and determinations of calorific 
value were made of the car samples of each coal. During each test 
a sample of 100 pounds was collected and a part was submitted 
for proximate analysis and calorific-value determination. The 
results of analyses of the two car samples, together with the averages 
of the test samples, are given in the table following. 
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Analyses of coal used in the tests. 


PROXIMATE ANALYSIS. 


| 
Pittsburgh 115. Pittsburgh 148. 
| 
Constituent. Average of e Average of 
wane test ae test 
ple. | samples. | S2™P!@- | samples. 
Mostra isc: isesssscns ccas at ieesasaewisasotad percent... 2.21 1.53 2.97 1.45 
do.... 15.78 16.30 15.87 15.79 
do.... 71.65 72.20 71.39 72.18 
do.... 10.36 9.97 9.77 10.58 


100.00 | 100. 00 100.00 | 100.00 


ULTIMATE ANALYSIS. 


Hy dropitis ss. ocnies 8205 62002552000 t ss nnd 052s x percent... 
Carbon do.... 
Nitrogen... do... 
Oxygen... do.. 
Sulphur. . do. 
ABD acc ince scusapccncee setae Seved aces seeagae tes do. 
100.00 lo... see. 100.00 |.......22.2- 
Calorific value, B. t. u. per pound.............-...--+-- 13756 | 13900 | 13768 13811 


This coal burned rapidly, caked, and required careful attention to 
prevent the formation of holes and cracks in the fuel bed. Clinkers 
formed at times,but they did not stick to the grate and were easily 


removed. 
SIZE OF COAL. 


The coal was screened at the mine, the size used being that which 
passed over a }-inch and through a 14-inch bar screen, but owing 
to handling and shipping some of it was broken into small particles, 
as shown by the following results of a sizing test: 


Results of sizing test of coal. 


Quantity of coal that : 
passed through screen. | Weight of 
coal deter- 


Size of §$|———|_ mining 
holes in average 
screen. ee size (col- 

Actual. pound umn 1X 


column 3). 


basis. 


1 2 3 
Inch. Pounds. Pounds. 
t 3. 4. 
3 3.0 4. 
} 3.5 5. 
1 38.0 62. 
14 13.5 22, 
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METHOD OF SAMPLING. 


A car sample of about 60 pounds, taken at the time of unloading, 
was sent to the chemical laboratory for proximate and ultimate 
analysis and determination of heat units. During each test a sample 
of about 100 pounds was collected and a part of it submitted for 
proximate analysis and determination of heating value. A sample 
of ash was collected at the close of each test and a proximate analysis 
of it was made. 

RESULTS OF THE EXPERIMENTS. 


PRELIMINARY EXPERIMENTS. 


Before a systematic study of various coals was begun, a series of 
preliminary tests was made for the purpose of studying the charac- 
teristics of the special furnace equipment and of determining the 
method to be followed in subsequent tests. The first series of 16 
tests was with Pittsburgh slack coal, fired at the rate of about 25 
pounds per square foot of grate area per hour. Attention was given 
principally to the degree of homogeneity of the gas mixture at 
various distances from the grate, in order to ascertain the number of 
gas samples that should be taken at the different transverse sections 
to give a correct value for the average composition of the furnace 
gases. The results of the preliminary experiments indicated that 
to follow properly the progress of combustion during the passage of 
the gases through the furnace it would be necessary to take between 
40 and 50 gas samples. 

With the preliminary study of the progress of combustion in the 
furnace, observations were taken of the temperature gradient through 
the furnace walls as bearing on the question of the loss of heat by 
radiation. The results of the observations have been published by 
Ray and Kreisinger.* 


TESTS OF POCAHONTAS COAL, 


In the tests with Pocahontas coal described in this report two 
factors were independently varied—the rate of firing and the air 
supply. The rate of firing was varied from 20 to 65 pounds of coal 
per square foot of grate area per hour. A series of three or more 
tests was made with each rate of firing, the tests in each series being 
run with different air supply. 

The variations in furnace conditions during a single test and the 
character of observations taken are indicated in figure 10, which 
presents the observations of test 121. In this test an effort was 
made to maintain a low air supply and consequently a high per- 
centage of CO, in the furnace gases. Although the average percent- 


@Ray, W. T., and Kreisinger, Henry, The flow of heat through furnace walls: Bull. 8, Bureau of Mines, 
1911. 32 pp. 
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age of CO, is high it will be noted that the value fluctuated from 
12.5 to 17.5 per cent. It may be stated here that the greatest diffi- 
culty encountered in the operation of the furnace was the proper 
control of the air supply, fluctuations of 3 to 5 per cent seemingly 
being unavoidable. The fluctuations were due, in part at least, to 
the caking tendency of the coal and the formation of holes in the 


ae: 


PRESSUKE ABOVE AND BELOW 
ATMOSPHERE, INCHES OF WATER 


TEMPERATURE ,°C 


CO, AT SECTION G, 
PER CENT 


FiGuRE 10.—Variations in furnace conditions during test 121. 


fire, and also to inadequate provision for admission of air over the 
top of the fuel bed, for the higher rates of combustion, in the type of 
stoker used. 

The composition of gases at various points in the combustion 
chamber in test 121 is given in Table 1. The samples were collected 
simultaneously, over a period of six minutes, in the manner described 
in page 13. The letters in the first column indicate the transverse 
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section through the combustion chamber at which the samples were 


taken. 


Section A represents the section nearest the grate and sec- 


tion H that farthest from the grate, the intervals between consecu- 


tive sections being 5 feet. 


The table follows: 


Tasie 1.—Composition® of combustion gases at various points in the combustion chamber. 


Distance below Distance below 


Distance below 


arch inhole 1.6 | archinhole2.¢ | arch in hole 3.d Average. 

: Gas. 5 g g J g g a g g o 
g Slale Sl a beeps tea a/|elF 
= e/e18/8/8)/5 18/8 e/a / 8 
a 2o/S/8 |e |] S]/a]}o] s 2] | 4 

ct.| P.ct. P.ct.| P.ct.| P.ct. 

.9 | 13.1 13.9|127| 14.3 

51 1.8 1.9] 23] 10 

A to] 6.7 £8] 10.5| 6.0 

M1] i2 <2, 2] sd 

o} 10 is] 30] 14 

S eRe elle PE Ee wee eh oe ae [ee kas| nen thcet ode See.) 22.8 

6 | 14. 15.5 | 15.2| 15.8 

0} 2. 11] us} 12 

B 7] 2. a1] 25| 28 

Oto 1 ee | er 

i) aes A ee 

nda cease (casaes lee woes sexes |ebec a 20.5 

eas (ean ieee 15.2| 17.0 | 16.6| 16.3 

29| .8| 22] 20 

Cc 25] 1) .3| 13 

| ieee eS a 

16) i4| i2] 4 

RPE Roreee Daw (Caren een ee 20. 

nt eee es A 16.4 | 17.2| 16. 

"2] 4 1. 

D ; : 
E 

F 
G 
H 

ae Lsbeneal peel dca ibonng| Cost eaasnaleoeceal ayes frendun[eudiestuzcn 


@ Proportion of nitrogen (by difference) is not included in this list. 
b Midway between center and left side wall. 

¢ Extended vertically through middle of sections. 
4@ Midway between center und right side wall. 
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The last column of the table gives the average composition for each 
section and is the mean of the compositions of the individual samples 
obtained at the section. 

These average analyses are plotted as ordinates in figure 11, the 
abscissas being the volume of combustion chamber through which 
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FIGURE 11.—Relation between composition of furnace gas and volume of combustion space through which 
gas has passed, test 121. Rate of firing, 61 pounds per square foot of grate area per hour. 


the gas has traveled. The curve drawn through the points for a 
particular component of the furnace gas shows the rate at which the 
component increases or decreases as the gas travels through the 
furnace, 

The results of the tests with Pocahontas coal are given in Tables 
2 and 3 
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TaBLeE 2.—Results of first series of long combustion chamber tests with semibituminouss 
steaming coal from Norfolk mine, Pocahontas No. 3 bed, Vivian, W. Va. (Pittsburgh 
115)—Continued. 


Air supply. Average contents of CO, Oz, and CO im gas. 
Coal per |—————_- —— a —— 
sage Per Tem- 
= loot o! perature 
Test No. grate Sed atsce: 
area per | pustible Excess. | tion G. Section. COs. Os. co, 
hour. pone 
sumed. 
Pounds, | Pounds. | Per cent. °C; Per cent. | Per cent.| Per cent. 


112-2 36.7 14.07 18, 43 1416 


113-1 36.8 17.08 43.77 1264 


113-2 36.8 15.98 34,51 1264 


114 44.0 14.29 20. 29 1443 


115 43.2 17. 04 43, 43 1403 


116 42.8 21.25 78, 87 1302 
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Tape 3.—Results of first series of long combustion chamber tests with semibituminous, 
steaming coal from the Norfolk mine, Pocahontas No. 3 bed, Vivian, W. Va. (Pittsburgh 


148). 
ean Air supply. | Average composition of gas.¢ 
oal 
pee Tem- | 
square ee | Com- 
ast foot of enna Siaee grhg 
‘u. | grate a man ple 
area ptcom Excess.) HONG Section. COs. | Oz. co. | CHy. | He | gases. 
Sour blecon- | 
* |sumed. 
Pounds. Pounds.) Per ct. °"C. Perct., Perct.| Per ct. | Perct. | Perct.| Per ct. 
As oatiseiaies 12.7 | 1.5 8.2 0.3 it 9.6 
Bet nizeres 15.4 9 4.1 5 at 5.3 
eres 15.9 ow 3.1 A ot 4.2 
) i +7 -6 «6 * ‘ 
uz] 43.4] 20] —6.90) ua Perc] tee) by ates 
Bs cenre casa 17.0 6 1.2 -5 -0 1.7. 
CE ain cade 16.8 4 1.8 -6 4 2.8 
16.7 .3 2.4 . 5 3.4 
4.4 2.2 5.2 7 6.0 
16.4) 1.7 2.5 -2 3.1 
16.5 1.9 1.4 -0 1.7 
if e ~ « 
us| 45.8] 12.61] 4.82] 1451 sean tae on 7 
17.1 1.8 .0 -0 
17.5 1.4 -0 -0 
17.2 1.7 KS -4 
12.7 6.3 1.0 1.7 
| 12.7 6.8 0 0 
12.6 7.1 -0 
119 | 47.1 18.15 | 50.87 1338 
ees 4 ie SOpicshsees|acscene 
| 13.7 2.5 5.5 22 1.1 
| 15.9 1.8 1.9 st 4 
15.5 3.0 8 2 ol 
120 s7] 13.90] 1540] a ea es a er 
15.7 2.8 ok zl -0 2 
16.1 2.4 on ok .0 -2 
15.9 2.8 .2 0 -0 .2 
14.3 1.0 6.0 Ll 1.4 7.5 
V8 1.2 2.8 SS -6 3.5 
16.3 2.0 1.3 «Ll -4 1.8 
121, 61.0} 1291] 7.32] 1475 aoe te ee a 2 + _ 
17.5 1.0 oth 0 i) -6 
17.6 8 2 wk .2 5 
17.2 14 sd 0 2 -2 
13.0 5.7 1.9 4S 2 2.2 
13.0 6.8 0 .0 2 -3 
lL4 8.2 0 .0 .0 .0 
123 58.2 | 21.27 | 76.81 AZ44 [rts Pee ssrjoreseces sess esos loses 
rAaskes lecvensaw ocupees 
pay PO cae 
12.3 6. 
13.1 6.¢ 
12.8 6, 
124] 58.9] 20.00] 66.25] 1218 veoh lesan dere 
pte re eG 84 .0 -0 :0 .0 
10.6 3.8 8.2 +2 1.4 9.8 
14.9 2.0 3.3 2 -4 3.9 
14.3 3.9 Bl ol «2 1.4 
15.9 2.0 1.0 ok .3 1.4 
125 66.5 13, 24 10.06 1386 15.3 2.3 Pit 0 -2 a] 
16.4 2.0 aA -0 pp | +5 
13.5 5.4 «4 ref 0 5 
16.5 2.3 -3 -0 +s) | 4 
4 Nitrogen content (by difference) not given. 
Original from 
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The values for the composition of the furnace gases were obtained 
by taking the mean of the values found for the individual samples at 
each of the several sections. In tests 104 to 113 two sets of samples 
were taken. As the advantages of having the second set of samples 
did not appear to compensate for the additional labor of analyzing 
them, the second set was not taken in subsequent tests. 


AIR SUPPLY. 


The values for air supplied per pound of combustible consumed, 
given in the third column of Tables 2 and 3, were calculated by means 
of the formula 


4,=8.09C (60-760 FUE, 
in which A,=pounds of air supplied per pound of combus- 
tible consumed ; 
C=pounds of carbon in 1 pound of ‘moisture 
and ash free” coal; 
N,, CO,, CO, and CH, = percentages in the furnace gases at section H. 
The values for excess of air supply, given in the fourth column of 
Tables 2 and 3, are calculated from the formula 


Percentage of excess air=100x4e—* 
rt 


In this formula A,, the “‘ pounds of air required for the combustion 
of 1 pound of combustible,” is computed from the ultimate analysis 
of the car sample of the coal by means of the formula 


A,=34.48H+11.58C+4.336 (S—O), 


in which H, C, S, and O are the percentages in the coal on the ‘“ mois- 
ture and ash free” basis, divided by 100. 

The expressions for air supplied and air required are not exact, 
because (1) they rest on the assumption that the composition of the 
combustible matter in the refuse is the same as the composition of 


the ‘‘combustible” in the fuel as fired; (2) no correction is made for 


the combustible matter carried in the furnace gas in liquid or solid 
form; and (3) no correction is made for the nitrogen in the coal. 
The assumption that the composition of the combustible matter in 
the refuse is the same as the composition of the ‘“‘combustible” in the 
fuel as fired is obviously not correct, for a large part of the volatile 
matter of the combustible that falls through the grate is driven off 
and carried into the combustion chamber. Consequently the weight 
of carbon in the furnace gas per pound of combustible consumed is 
somewhat less than the value C, which is obtained from the ultimate 
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analysis of the car sample of the coal. The error from this assump- 
tion regarding the combustible matter in the refuse is probably not 
over 1 per cent, as the following calculation indicates: 
Let C=pounds of carbon in 1 pound of combustible as fired ; 
A=pounds of carbon in refuse per pound of combustible fired ; 
and B=pounds of ‘‘combustible” in refuse per pound of combustible fired. 


Then C—A=pounds of carbon in furnace gas per pound of combustible fired, 
Gs 


and 1 —j=Pounds of carbon in furnace gas per pound of combustible consumed. 


The average of B for 10 consecutive tests reported in Table 2 was 
0.062. For the extreme case that the combustible matter in the 
refuse is 100 per cent carbon: 


The error for A, resulting from the assumption that the composi- 
tion of the combustible matter in the ash is the same as that in the 
coal as fired is less than 0.900 —0.893 =0.007 or 0.8 per cent. 

No attempt has been made to determine the amount of combus- 
tible matter carried in the flue gas in the form of soot or tar, so that 
the error arising from that source can not be estimated. Incandescent 
particles were never visible in the gases at the exit end of the com- 
bustion chamber and the amount of combustible matter lost in this 
way is probably negligible. 

The weight of nitrogen contained in a pound of coal is small com- 
pared with the weight of nitrogen in the air required to burn a pound 
of coal, and the error due to the nitrogen of the coal is negligible. 


RELATION BETWEEN CARBON DIOXIDE IN FURNACE GAS AND AIR, 


Introducing the expression for A, given above in the expression 
for ‘Percentage of excess air,” the latter becomes: 
N, 


CO,ACO+LCH, 
A, 


3.038C 
Percentage of excess air=100* 


A, 

Here C and A, depend on the composition of the fuel and are con- 
stant for a given fuel. When combustion is complete or nearly so, 
CO and CII, are negligible compared with CO,, and N, is nearly 
constant. Under these conditions the equation reduces to the form: 


) 
(1) Percentage of excess air= co, 
In which a eS AN, 
fe 
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D depends on the character of the fuel and, except fer slight 
variations in N,, is constant for a given fuel. 

Equation 1 indicates a simple relation between percentage of 
excess air and CO, in the furnace gas, and furnishes a means of cal- 
culating the percentage of excess air from the CO, content of the 
furnace gas. By means of the relation given above, the constant D 
may be calculated from the ultimate analysis of the fuel, or in case 
the percentage of excess has been previously determined for a num- 
ber of tests by means of the expression given on page 29, D may be 
calculated from the simultaneous values of “percentage of excess 

” and of CO, by means of equation 1. 

That there is a definite relation between the percentage of excess 
air and of CO, may be seen in figure 12 in which the values for the 
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FIGuRE 12.—Relation between percentage of carbon dioxide in furnace gas and pertentage of excess air 


percentage of excess air and of CO, for the tests with Pocahontas 
coal are plotted respectively as abscissas and ordinates. The curve 
in the figure corresponds to the equation: 


(2) Percentage of excess air=7, co.7} 


Both of the methods given for the calculation of the constant D 
gave the same result, namely, 1862. In calculating D by the first 
method mentioned, the mean of the ultimate analyses of the car 
samples of the two cars was used, and for N, (the nitrogen content 
of the furnace gas) the value 80.9, the average value for all the tests, 
was taken. 

The close agreement between the values for percentage of excess air 
calculated by means of the complicated formula given on page 30, and 
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that shown in figure 12 by the curve obtained by means of equa- 
tion 1, indicate that the equation furnishes a rapid and reliable method 
for calculating the percentage of excess air from the CO, content of 
the furnace gas, provided the CO and CH, contents of the furnace 
gas are negligible. 


UNSATURATED HYDROCARBONS, TAR, AND SOLID MATTER. 


All samples taken at sections A and B were tested for unsaturated 
hydrocarbons. In no case was a measurable quantity of such gases 
found. 

In tests 120 to 125 an attempt was made to determine the amounts 
of condensible vapors and of solid matter carried in the furnace 
gases. The special apparatus previously mentioned (p. 18) was used, 
the sample tube being introduced through the hole in the side wall 
of section A. The volume of gas drawn through the filter was about 
3 cubic feet. In no case was an appreciable quantity of the vapors 
or solid matter obtained. 


HYDROGEN AND METHANE CONTENT OF FURNACE GASES. 


In the ordinary analysis of furnace gases with the Orsat apparatus 
in boiler tests, CO,, O,, and CO only are determined. The CO con- 
tent is then taken as a measure of heat losses due to incomplete com- 
bustion. That this method may yield too low a value for the amount 
of combustible gases, especially at the higher rates of firing and with 
low air supply, is shown by the following table, which gives the 
proportion of combustible gases in the gas at section C for a number 
of tests in which the air supply was low: 


Proportion of combustible gases in gas at section C in 5 tests. 


Combustible gases at sec- 
tion C, 
COs. at 
Number of test. - jon T = 
I. 


co |m¢cn,| Het CM 
co 


Per cent. | Per cent. | Per cent. | Per cent. 
3. le 


16,7 1 0.35 

17.2 1.4 3 +21 

15.9 8 -3 .37 

£ $f 17.2 1.3 -5 38 

12d. s 6 sc3cins wes nies 16.5 1.1 -3 -27 


DISCUSSION OF RESULTS OF TESTS. 


In the tests described in this report effort was made to determine 
the effect of the two factors, rate of firing and air supply, on the 
volume of combustion-chamber space required for the complete 
combustion of Pocahontas coal, As far as possible all other factors 
were kept constant. A group of three or more tests were made at 
each rate of firing, the individual tests of each group differing from 
one another in the amount of air supplied per pound of combustible. 
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INFLUENCE OF AIR SUPPLY ON SPACE REQUIRED FOR COMPLETE 
COMBUSTION. 


Curves representing the variation of the combustible content 
of the gas with the volume of combustion space through which the 
gases have passed are given in figures 13 to 18. In these curves the 
abscissas represent the volume of combustion space and the ordinates 
the total combustibles (CO+ H,+(CH,) contained in the gas. Each 
figure gives the results of tests at a particular rate of firing and each 
individual curve corresponds to a particular test and air supply. 

A comparison of the curves in figures 13 to 18 shows clearly that, 
at a given rate of firing, as the air supply is increased, the time, and 
therefore the volume of the combustion chamber requisite for com- 
plete combustion, decreases rapidly. Thus, with an average rate of 
firing of 45.8 pounds (see fig. 16) in test 118, in which the CO, con- 
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Figur 13.—Relation between combustible content of furnace gas and volume of combustion space with 
an average rate of firing of 20.9 pounds of coal per square foot per hour. 


tent of the furnace gas was 17.2 per cent and the oxygen content 1.7 
per cent, the volume of combustion-chamber space required for 
practically complete combustion was 200 cubic feet, whereas in test 
119, in which the rate of firing was 47.1 pounds and the furnace gas 
contained 12.2 per cent CO, and 7.5 per cent O,, the combustible 
gases were consumed in a space of less than 80 cubic feet. Similarly 
with a rate of firing of 58.9 pounds (fig. 17), when the furnace gas 
contained not more than 11.1 per cent CO,, 100 cubic feet of com- 
bustion-chamber space was sufficient for complete combustion; 
whereas in test 120, in which the furnace gas had a CO, content of 
15.9 per cent after passing through the combustion chamber, which 
had a volume of 300 cubic feet, the gases contained 0.2 per cent of 
combustible constituents. 

The curves in figures 13 to 18 indicate that there are a number of 
exceptions to the rule that the lower the air supply the greater the 
amount of space required for complete combustion. With the same 
rate of firing the combustible content of the gas at a given point in 
the combustion chamber is in some instances greater with a high air 
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supply than with a low one. This result is doubtless due to inade- 
quate control of air supply as well as rate of firing. As stated above, 
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Figure 14.—Relation between combustible content of furnace gas and volume of combustion space with 
an average rate of firing of 28.4 pounds of coal per square foot per hour. 


fluctuations of several per cent in the CO, content of the furnace gas 
were unavoidable. 
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FIGuRE 15.—Relation between combustible content of furnace gas and volume of combustion space with 
an average rate of firing of 37.2 pounds of coal per square foot per hour. 

On account of the mechanical difficulties involved in taking such a 

large number of gas samples simultaneously, the period of sampling 

was made short—about eight minutes. In the earlier part of the 
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work it was not anticipated that this short period would result in 
serious errors. Experience showed, however, that on account of 
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FIGURE 16.—Relation between combustible content of furnace gas and volume of combustion space with 
an average rate of firing of 44.3 pounds of coal per square foot per hour. 
unavoidable variations in the drafts and the condition of the fuel 
bed, the rate of combustion over as short a period as eight minutes 
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Figure 17.—Relation between combustible content of furnace gas and volume of combustion space with 
an average rate of firing of 58.4 pounds of coal per square foot per hour. 


WT 


may vary considerably from the average rate during the test, and 
consequently that the average rate of combustion for the test is not 
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always an accurate measure of the actual rate during a short period 
of sampling. It is hoped that in future tests the period of sampling 
may be so lengthened as to overcome this source of error. 


INFLUENCE OF RATE OF FIRING ON SPACE REQUIRED FOR COMPLETE 
COMBUSTION. 


In order that results of tests with different rates of combustion 
may be comparable, it is essential that the test so compared be made 
with the same air supply. If, for example, at each rate of firing 
tests could be made with exactly 10, 12, 14, and 16 per cent CO,, the 
several series of tests would be directly comparable. Unfortunately, 
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FIGURE 18.—Relation between combustible content of furnace gas and volume of combustion space with 
an average rate of firing of 65.4 pounds of coal per square foot per hour. 


it is not practicable to control the air supply exactly enough to permit 
any such direct comparison. For this reason the expedient has been 
adopted of representing graphically the combustible content of the 
gas at the different sections of the furnace as a function of the air 
supply, and then, by interpolation of the curves thus obtained 
(figs. 19 to 21), find values for the combustible content corresponding 
to the desired air supplies. In figures 19 to 21 the air supply is 
expressed in terms of “percentage of excess air.’ The method of 
computing the percentage of excess air from the analysis of the fuel 
and the fuel gas has been shown above. 

In figures 19 and 20 for sections A and B of the combustion cham- 
ber each curve corresponds to a particular rate of firing. At section 
© and beyond combustible constituents were found in the gas only 
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at the highest rate of firing. The curves for sections C, D, E, F, G,’ 
and H are therefore combined in one figure (fig. 21). The curves in 
figures 19 to 21 exhibit, in every case, a rapid decrease in the com- 
bustible content of the gas at a given section of the furnace, with 
increase in the percentage of excess air. ; 
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FiGuRreE 19.—Relation between combustible content of gas and air supply, section A. 


The curves in figures 22 to 25 were plotted from data obtained by 
interpolation of the curves in figures 19 to 21. They show the. 
decrease in the combustible content of the gas during its passage. 
through the combustion chamber. As the air supply is the same for 
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Figure 20.—Relation between combustible content of gas and air supply, section B. 


all the curves in any one figure, the results for different rates of firing: 
are directly comparable. From these curves the volume of com- 
bustion-chamber space required for the complete combustion. of 
Pocahontas coal, under the conditions for mixing of air and of heat- 
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ing the fuel in the equipment used in these tests, may readily be 
determined. The intersection of any given curve in one of figures 


22 to 25 with the horizontal line 
corresponding to the“ percentage 
of total combustible” that shall 
not be exceeded in the flue gas 
gives the volume of combustion 
chamber required for the par- 
ticular rate of firing and air sup- 
plyselected. Forexample,curve 
V of figure 24, corresponding to 
a rate of firing of 58.4 pounds 
per square foot of grate area per 
hour, and to 50 per cent of excess 
air (12.4 per cent of CO,), inter- 
sects the line for zero combustible 
at the point representing 110 
cubic feet, the line for 0.1 per cent 
of combustible at the point 
representing 96 cubic feet, and 
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FIGURE 21.—Relation between combustible content of 


gas and air supply, sections C to H. 
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FIGURE 22.—Relation between combustible content 
of gas and volume of combustion space for 100 per 
cent of excess air. 


the line for 0.3 per cent of combustible at the point representing 82 


cubic feet. 

of about 60 pounds per 
hour and with 50 per cent a: 
of excess air, ifthe volume 5% 
of the combustion cham- =: 
ber is 80 cubic feet, one 3% 
should expect to find 5 


about 0.3 per cent of com- 
bustible gases in the flue 
gas; whereas, if the com- 


Accordingly, when Pocahontas coal is burned at a rate 
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FIGURE 23.—Relation between combustible content of gas and 
volume of combustion space for 75 per cent of excess air. 


bustion chamber has a volume of 100 cubic feet or more, the flue gas 
should contain less than 0.1 per cent of combustible constituents. 


To illustrate the use of 
curves in figures 22 to 25, 
letit be assumed that a fur- 
nace is to be run with 50 
per cent of excess air, cor- 


responding to 12.4 per cent 
of CO, in the flue gas, and 
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PER CENT 


that the combustible con- o 


tent of the flue gas is not 
toexceed0.2percent. The 
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Ficure 24.—Relation between combustiblecontent of gasand 
volume of combustion space for 50 percent of excess air. 


relation between the volume of combustion space required and the rate 
of firing as obtained from the curve for 50 per cent of excess air in 


figure 24 is as follows: 
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Relation between volume of combustion space and rate of firing as determined from figure 24. 


Ratio of vol- 
Coal per Volume of 
square foot combustion | ua et vas 
per hour. space. to grate area. 
Pounds. Cubic feet. 
20.9 58 2.3 
28.4 73 2.9 
44.3 7. 3.0 
58.4 88 3.5 


For a rate of firing of 28.4 pounds of coal per square foot per hour, 
a combustion space of 2.9 cubic feet per square foot of grate area 
should be sufficient to reduce the combustible content of the flue gas 
to 0.2 per cent. If, however, the rate of firing should be doubled, 
curve V in figure 24 shows that the combustible content of the flue 
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FIGuRE 25.—Relation between combustible content of gas and volume of combustion space for 25 per cent 
of excess air. 

gas would be over 0.6 per cent, and, consequently, the heat loss due 
to incomplete combustion would be more than 4 per cent. Practi- 
cally complete combustion may be obtained, however, with a rate 
of firing of 60 pounds if the combustion space is more than 5 cubic 
feet per square foot of grate area. 


INFLUENCE OF THE DEGREE OF MIXING OF AIR WITH COMBUSTIBLE 
GASES ON SPACE REQUIRED FOR COMBUSTION, 


In the foregoing pages the influence of two factors—rate of firing 
and air supply—on the volume of combustion chamber required for 
the combustion of coal in boiler furnaces has been considered. Two 
other factors—the degree of mixing of air and combustible gases, 
and the rate of heating of the fuel—are of great importance. In the 
language of the kinetic theory, each individual particle of gaseous, 
liquid, or solid material in the furnace gas must come in contact with 
the required number of oxygen molecules, furnished by the air, 
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before oxidation or combustion can take place. The rate of com- 
bustion is, therefore, proportional to the number of impacts between 
combustible particles and oxygen molecules. The more frequent 
these impacts the shorter will be the time and the smaller the space 
that is required for combustion. If in passing through the long 
combustion chamber of the furnace used in these tests the gases 
move in parallel straight lines, impacts would be far less frequent 
than if the gases were subjected to a vigorous mechanical mixing. 
The series of tests reported herein was made without the use of any 
special mixing device. However, a violent circulation of the furnace 
gases was produced by the currents of air entering the furnace. 
The character of the whirling motion of the gases leaving the fire box, 
which may be readily observed through the observation hole in the 
side wall of the Heine 
boiler, is indicated in fig- 
ure 26. In the figure A 
represents a current of air 
rising from the ash pit; B 
and B represent currents 
of air introduced over the 
top of the fuel bed through 
openings at the base of 
the furnace arch. It is 
not improbable that plac- 
ing mixing structures in 
the combustion chamber 
back of the grate to de- 
flect the flow lines of the 
gases would diminish the 
FIGURE 26.—Section through stoker showing mixing of A a 
wanes Satined Ly curtente. of Sin time and space required 
Pay for complete combustion. 
. A series of tests to determine the effect of variations in the method 
of mixing the air and furnace gases is contemplated as a part of the 
general investigation of the combustion of fuel. One of the diffi- 
culties in the way of the successful use of mixing structures in the 
combustion chamber, especially at the higher rates of firing, is that 
of obtaining materials that will withstand the high temperatures of 
the furnace gases. 


INFLUENCE OF RATE OF HEATING COAL ON SPACE REQUIRED FOR 
COMBUSTION. 


The composition, as well as the amount, of volatile matter given 
up by a given coal varies greatly with the temperature to which the 
coal is heated and the rate of heating. The influence of tempera- 
ture on the amount and composition of the volatile matter distilled 
from various coals has been studied by Porter and Ovitz of the Bureau 
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of Mines. They found, for example, the following values for the 
volume of combustible gas given off in 10 minutes from 10 grams 
of air-dried Pocahontas coal: 


Relation of temperature of furnace to volume of combustible gas. 


800 
1,570 


900 


Temperature of furnace, ° C.............2eecee eee e cee e ce ceceeeceneceees | 600 700 
50 2,300 


Volume of combustible gas, ¢. C... 2.2... .2 2. eee eee ee eee eee e eee eee ee eee | 670 


| 


The amount of tar produced increases with increase of temperature 
in about the same proportion as does the volume of combustible gases. 

The heavier constituents of the volatile matter, especially the tar, 
do not burn readily and require more time for combustion. The 
higher the temperature at which distillation takes place, therefore, 
the greater is the amount of volatile matter drawn off and the more 
difficult is the combustion of its constituents. A rapid rate of heat- 
ing of the fuel produces a rapid evolution of slow-burning volatile 
matter. A slow rate of heating results in a gradual and uniform 
liberation of volatile gases, which are more readily combustible. 
One advantage in the use of the automatic stoker over hand firing 
is that in the automatic stoker the coal is heated gradually through 
the temperatures at which distillation takes place, whereas in hand 
firmg the green fuel is thrown directly on the incandescent fuel bed 
and thus is suddenly heated from room temperature to the tempera- 
ture of the furnace. 

In the tests described in this report the supply of coal was regu- 
lated automatically and the rate of heating was constant for each 
rate of firing. In a future investigation it is planned to vary the 
rate of heating the coal and to study the relation between the rate 
of heating and the volume of combustion space required. 


THICKNESS OF FUEL BED. 


With the type of stoker used in the tests the coal is fed continually 
to the grate, and with proper regulation of the speed of the stoker 
engine the thickness of fuel bed may be kept fairly constant. In 
the tests with Pocahontas coal the thickness of bed carried was 
about 6 inches. No attempt has been made to study the relation 
between different thicknesses of fuel bed and the space required for 
combustion. There is ample evidence at hand to show that exces- 
sive thickness of bed favors the formation of CO by the reaction: 
CO,+C=2CO, the reaction that takes place in the gas producer, 
Increasing the thickness of the fuel bed, therefore, not only reduces 
the combustion space above the bed but produces greater quantities 
of CO, and thus increases the volume of combustion-chamber space 
required. 


a Porter, H. C., and Ovitz, F. K., The volatile matter of coal: Bull. 1, Bureau of Mines, 1910, 56 pp., 
1pl., 9 figs. 
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Limited editions of the following Bureau of Mines publications are 
available for free distribution, but requests for all publications can 
not be granted. Requests should be addressed to the Director, Bu- 
reau of Mines, Washington, D. C.: 


Buttetin 1. The volatile matter of coal, by H. C. Porter and F. K. Ovitz. 1910. 
56 pp., 1 pl., 9 figs. 

Buuvetin 2. North Dakota lignite asa fuel for power-plant boilers, by D. T. Randall 
and Henry Kreisinger. 1910. 42 pp., 1 pl., 7 figs. 

Bu.etin 3. The coke industry of the United States as related to the foundry, by 
Richard Moldenke. 1910. 32 pp. 

Bu.vetin 4. Features of producer-gas power-plant development in Europe, by 
R. H. Fernald. 1910. 27 pp., 4 pls., 7 figs. 

Butetin 5. Washing and coking tests of coal at Denver, Colo., July 1, 1908, to 
June 30, 1909, by A. W. Belden, G. R. Delamater, J. W. Groves, and K. M. Way. 
1910. 62 pp., 1 fig. 

Buttetin 6. Coals available for the manufacture of illuminating gas, by A. H. 
White and Perry Barker, compiled and revised by H. M. Wilson. 1911. 77 pp., 
4 pls., 12 figs. 

BuLietin 7. Essential factors in the formation of producer gas, by J. K. Clement, 
L. H. Adams, and (, N. Haskins. 1911. 58 pp., 1 pl., 16 figs. 

Buttetin 8. The flow of heat through furnace walls, by W. T. Ray and Henry 
Kreisinger. 1911. 32 pp., 19 figs. 

Butcetin 12. Apparatus and methods for the sampling and analysis of furnace 
gases, by J. C. W. Frazer and E. J. Hoffman. 1911. 22 pp., 6 figs. 

Butetin 13. Résumé of producer-gas investigations, October 1, 1904, to June 30, 
1910, by, R. H. Fernald and C.D. Smith. 1911. 393 pp., 12 pls., 250 figs. 

Buttetin 14. Briquetting tests of lignite at Pittsburgh, Pa., 1908-9; with a chapter 
on sulphite-pitch binder, by C. L. Wright. 1911. 64 pp., 11 pls., 4 figs. 

Bu.tetin 16. The uses of peat for fuel and other purposes, by C. A. Davis. 1911. 
214 pp., 1 pl., 1 fig. 

Bu.ietin 18. The transmission of heat into steam boilers, by Henry Kreisinger and 
W.T. Ray. 1912. 180 pp., 78 figs. 

Butetin 19, Physical and chemical properties of the petroleums of the San Joa- 
quin Valley, Cal., by I. C. Allen and W. A. Jacobs, with a chapter on analyses of 
natural gas from the southern California oil fields, by G.A. Burrell. 1911. 60 pp., 
2 pls., 10 figs. 

BuLetiNn 23. Steaming tests of coals and related investigations, September 1, 1904, 
to December 31, 1908, by L. P. Breckenridge, Henry kreisinger, and W. T. Ray. 
1912. 380 pp., 2 pls., 94 figs. 

Bu tetin 24. Binders for coal briquets, by J. E. Mills. 56 pp., 1 fig. Reprint of 
United States Geological Survey Bulletin 343. 

BuLLetIN 27. Tests of coal and briquets as fuel for house-heating boilers, by D. T. 
Randall. 44 pp., 3 pls., 2 figs. Reprint of United States Geological Survey Bulle- 
tin 366, 

Butietin 28. Experimental work conducted in the chemical laboratory of the 
United States fuel-testing plant at St. Louis, Mo., January 1, 1905, to July 31, 1906, 
by N. W. Lord. 51 pp. Reprint of United States Geological Survey Bulletin 323. 
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Buuetin 29. The effect of oxygen in coal, by David White. 80pp.,3pls. Reprint 
of United States Geological Survey Bulletin 382. 

Buttetin 31. Incidental problems in gas-producer tests, by R. H. Fernald, C. D. 
Smith, J. K. Clement, and H. A. Grine. 29 pp., 8 figs. Reprint of United States 
Geological Survey Bulletin 393. 

Bu.utin 32. Commercial deductions from comparisons of gasoline and alcohol tests 
on internal-combustion engines, by R. M. Strong. 38 pp. Reprint of United States 
Geological Survey Bulletin 392. 

BuLLetin 33. Comparative tests of run-of-mine and briquetted coal on the torpedo 
boat Biddle, by W.T. Ray and Henry Kreisinger. 50 pp., 10 figs. Reprint of United 
States Geological Survey Bulletin 403. 

Butietin 34. Tests of run-of-mine and briquetted coal in a locomotive boiler, by 
W. T. Ray and Henry Kreisinger. 33 pp., 9 figs. Reprint of United States Geolog- 
ical Survey Bulletin 412. 

BuLetin 35. The utilization of fuel in locomotive practice, by W. F. M. Goss. 29 
pp., 8 figs. Reprint of United States Geological Survey Bulletin 402. 

Buttetin 36. Alaskan coal problems, by W. L. Fisher. 1911. 32 pp., 1 pl. 

BULLETIN 37, Comparative tests of run-of-mine and briquetted coal on locomotives, 
including torpedo-boat tests, and some foreign specifications for briquetted fuel, by 
W. F. M. Goss, 58 pp., 4 pls., 35 figs. Reprint of United States Geological Survey 
Bulletin 363. 

BuLuetin 39. The smoke problem at boiler plants, a preliminary report, by D. T. 
Randall. 31 pp. Reprint of United States Geological Survey Bulletin 334, revised 
by S. B. Flagg. 

Buuetin 40. The smokeless combustion of coal in boiler furnaces, with a chapter 
on central heating plants, by D. T. Randall and H. W. Weeks. 188 pp., 40 figs. 
Reprint of United States Geological Survey Bulletin 37, revised by Henry 
Kreisinger. 

BuLtetiNn 41, Goverment coal purchases under specifications, with analyses for the 
fiscal year 1909-10, by G. 8S. Pope; with a chapter on the fuel-inspection laboratory of 
the Bureau of Mines, by J. D. Davis. 1912. 97 pp., 3 pls. 

BuLietin 43. Comparative fuel values of gasoline and denatured alcohol in internal- 
combustion engines, by R. M. Strong and Lauson Stone. 1912. 243 pp., 3 pls., 
32 figs. 

Butetin 49. City smoke ordinances and smoke abatement, by S. B. Flagg. 1912. 
55 pp. 

Buietin 54. Foundry-cupola gases and temperature, by A. W. Belden. 1913. 
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